Chronic inflammation is implicated in the pathogenesis of esophageal squamous cell carcinoma (ESCC). The causes of inflammation in ESCC, however, are undefined. Dietary zinc (Zn)-deficiency (ZD) increases the risk of ESCC. We have previously shown that short-term ZD (6 weeks) in rats induces overexpression of the proinflammatory mediators S100a8 and S100a9 in the esophageal mucosa with accompanying esophageal epithelial hyperplasia. Here we report that prolonged ZD (21 weeks) in rats amplified this inflammation that when combined with non-carcinogenic low doses of the environmental carcinogen, N-nitrosomethylbenzylamine (NMBA) elicited a 66.7% (16/24) incidence of ESCC. With Zn-sufficiency, NMBA produced no cancers (0/21) (Po0.001). At tumor endpoint, the neoplastic ZD esophagus, as compared with Zn-sufficient esophagus, had an inflammatory gene signature with upregulation of numerous cancer-related inflammation genes (CXC and CC chemokines, chemokine receptors, cytokines and Cox-2) in addition to S100a8 and S100a9. This signature was already activated in the earlier dysplastic stage. Additionally, time-course bioinformatics analysis of expression profiles at tumor endpoint and before NMBA exposure revealed that this sustained inflammation was due to ZD rather than carcinogen exposure. Importantly, Zn replenishment reversed this inflammatory signature at both the dysplastic and neoplastic stages of ESCC development, and prevented cancer formation. Thus, the molecular definition of ZD-induced inflammation as a critical factor in ESCC development has important clinical implications with regard to development and prevention of this deadly disease.
INTRODUCTION
Esophageal cancer is the eighth most common cancer worldwide (with 482 000 new cases) and the sixth most common cause of death from cancer (with 407 000 deaths estimated in 2008). 1 Esophageal squamous cell carcinoma (ESCC) is the predominant subtype. Because of an absence of early symptoms, ESCC is frequently diagnosed at an advanced stage of the disease. Although cancer mortality rates have declined worldwide since the mid 1980s, ESCC remains a deadly cancer with a 5--year survival of only 10%. Thus, insights into its pathogenesis are critical in order to devise new preventions, earlier diagnostics and novel treatment strategies.
Epidemiological and clinical studies show that chronic inflammation predisposes to many types of cancer, including ESCC. 2 --4 In this regard, persistent inflammation in the esophagus is a frequent occurrence in populations at high risk for ESCC. 5 The challenge is to determine the cause of this chronic inflammation and its role in ESCC development.
The major risk factors for ESCC are chronic alcohol consumption, tobacco use, nutritional deficiencies and exposure to environmental carcinogens such as N-nitrosomethylbenzylamine (NMBA). 6, 7 In particular, zinc (Zn)-deficiency (ZD) is implicated in the pathogenesis of ESCC in many populations, 8, 9 including persons with chronic alcohol consumption. 10 Abnet et al. 8 provided the strongest evidence of an association between dietary ZD and ESCC in a high-incidence area by establishing an inverse relationship between Zn concentration in biopsy samples and the subsequent risk of developing ESCC. Although Zn is present in a large variety of foods, its content is low in most, with the exception of red meat and seafood. Accordingly, individuals subsisting largely on a cereal diet are likely to be Zn-deficient. In the United States, 10% of the population is estimated to ingest o50% of the recommended daily allowance for Zn. 11 In the developing world, dietary ZD may affect more than 2 billion people. 12 Because Zn is required for the activity of many enzymes, for proper immune function and for the conformation of many transcription factors that control cell proliferation, apoptosis and signaling pathways, 13 --15 ZD predisposes to disease by adversely affecting these processes.
The environmental carcinogen NMBA is widely used to induce esophageal tumors in rodents. An early study reported that NMBA induces a 63% incidence of ESCC in nutritionally complete rats after a cumulative dose of 50 mg/kg body weight (2.5 mg/kg weekly for 20 weeks). 16 A typical esophageal tumor bioassay in chemoprevention studies entails weekly administration of low doses of NMBA for 15 weeks (cumulative dose ¼ 7.5 mg/kg), producing a 100% incidence of squamous papillomas but without ESCC development. 17 The tumorigenicity of NMBA in rodents is the results of the bioactivation of the carcinogen by esophageal cytochrome P450 isozymes to produce a DNA-methylating agent, leading to the formation of the mutagenic DNA adduct O Our ZD rat esophageal tumor model that combines dietary ZD with exposure to the environmental carcinogen NMBA 20 mimics aspects of human ESCC in high-risk populations. 6, 8, 9 We have shown in prior studies that weanling rats on a ZD diet for B6 weeks develop increased cell proliferation and changes in gene expression in the squamous epithelium, including overexpression of Cox-2. 21 The hyperplastic ZD rat esophagus is highly sensitive to NMBA, 20 displaying a 93% incidence of esophageal papillomas (but no ESCC) after a single exposure to a low NMBA dose (2 mg/ kg). Whether dietary ZD could promote ESCC development in tumor bioassays by low NMBA doses has not been determined.
DNA microarray analysis using genome arrays provides a powerful tool to understand how ZD might affect gene expression to predispose to esophageal carcinogenesis. Using a rat genome array, we reported that short-term ZD (6 weeks) alone (without NMBA) induces a distinct gene signature in the esophageal mucosa with upregulation of two proinflammation-genes S100 calcium binding protein a8 and a9 (S100a8/a9), associated with esophageal epithelial hyperplasia. Zn was shown to modulate the interaction of S100A8 with its receptor for advanced glycation end products (RAGE) and the downstream nuclear factor (NF)-kB-COX-2 signaling pathway. 22 We now ask whether prolonged ZD might amplify the inflammatory program to provide a microenvironment conducive to ESCC development on exposure to low carcinogen doses, thus serving as a faithful model for conditions that lead to human ESCC. For this, we conducted a long-term tumor bioassay in Znmodulated rats using low doses of NMBA. In parallel, we performed transcriptome profiling of esophageal mucosa at tumor endpoint and during tumor development in order to correlate gene expression changes with tumor progression.
RESULTS
Prolonged ZD combined with low doses of NMBA elicits ESCC To determine whether exposure to non-carcinogenic low doses of NMBA 17 in a ZD environment leads to ESCC, a tumor study in Znmodulated rats was performed. As shown in the experimental plan (Figure 1a) , ZD, ZR (Zn-replenished) and ZS (Zn-sufficient) rats were given three intragastric doses of NMBA (2 mg/kg at 6 weeks intervals, cumulative dose ¼ 6 mg/kg). At 5 weeks after the first dose and at tumor endpoint (15 weeks post first dose), esophagi were evaluated for tumor incidence and the mucosa-derived RNA for gene-expression profiling. We found that the ZD esophageal epithelium was already dysplastic, whereas the ZS and ZR esophagus remained non-proliferative at 5 weeks after the first NMBA dose (Figure 1b) . At endpoint, ZD rats showed significantly higher tumor incidence and multiplicity (papillomas and carcinomas) than ZS rats (Figure 1c ). Histological examination revealed that 66.7% (16/24) of ZD rats harbored ESCC with prominent inflammatory cell infiltrates in the stroma, whereas none of the ZS rats (0/21) or ZR rats (0/23) developed a cancer (Figures 1b and c , Po0.001). In fact, all tumors in ZS and ZR rats were only papillomas. Thus, ZR prevented ESCC development. These data establish for the first time that in the presence of prolonged dietary deficiency of Zn, non-carcinogenic doses of NMBA can induce ESCC.
A distinct inflammatory signature accompanies ESCC development To identify genes critical in ESCC development, we performed comparative transcriptomics analysis of esophageal mucosa from Zn-modulated rats (n ¼ 4 rats/group/time point) at the early dysplastic (5 weeks) and later neoplastic stages (endpoint) using Affymetrix Rat 230 2.0. Genome GeneChip (Affymetrix, Santa Clara, CA, USA). Hierarchical clustering analyses of 30 000 transcripts (Figure 1d ) revealed that the ZD neoplastic and dysplastic esophagus had distinct gene expression patterns when compared with their ZS counterparts. ZR led to a global reversal of expression patterns at both time points (Figure 1d ) accompanied by reversal of the dysplastic and neoplastic phenotype (Figure 1b) .
Using a cutoff point of q-value o5% and X2-fold difference, we identified 751 upregulated and 686 downregulated transcripts in the neoplastic ZD esophagus (Supplementary Dataset 1a) . Many of the upregulated genes were hallmarks of cancer-related inflammation (chemokines, cytokines, prostaglandins, and S100a8/a9) implicated in the development of human cancers. 23, 24 The list of inflammation genes (Table 1) includes CXC and CC chemokines that are chemoattractants for neutrophils and macrophages (Cxcl5, upregulated 84-fold; Cxcl2, upregulated 38-fold; Cxcl3, upregulated 9-fold; and Cxcl1, upregulated 7-fold, Ccl2 (also known as Mcp-1), upregulated 2.4-fold); CXC and CC chemokine receptors Ccr1 (upregulated 7-fold), Ccr2 (upregulated 4-fold), and Cxcr4 (upregulated 6-fold), an important molecule in cancer progression/metastasis that is overexpressed in most cancers; 25 prostaglandin-endoperoxide synthase 2 (Ptgs2, also known as Cox-2, upregulated 41-fold), commonly overexpressed in human cancers and involved in mediating inflammation through the synthesis of prostaglandins; 26 interleukin-1b Il1b (upregulated 12-fold), a key inflammatory cytokine; 27 Nfkb1 (upregulated 2-fold) that is a link between inflammation and cancer development/progression; 28 hypoxia inducible factor 1, alpha (Hif1a, upregulated 2-fold) that is responsible for the majority of Hif-1-induced gene expression changes with hypoxia and closely associated with inflammation, 29 and finally the proinflammatory mediators S100a8 and S100a9 (both upregulated 2-fold) that have a key role in inflammation-associated cancers 24 and are induced by short-term ZD in esophagus. 22 Almost all of these inflammation genes were already expressed in dysplastic ZD esophagus (5 weeks) ( Table 1 , Supplementary Dataset 1b), albeit at lower levels than at tumor endpoint. These data showed that prolonged ZD (21 weeks) and three low doses led to an amplified inflammatory gene repertoire in the esophagus, with overexpression of numerous cancer-related inflammation genes in addition to the proinflammation mediators S100a8 and S100a9 that were induced by short-term ZD (6 weeks). 22 This amplified inflammatory program accompanied ESCC development. Importantly, ZR reversed the inflammatory gene signature at both the dysplastic and neoplastic stages of ESCC development (Supplementary Dataset 2), and blocked cancer development ( Figure 1c ).
Validation of array data
To validate the microarray results, we performed quantitative realtime RT-PCR analysis on 15 inflammation genes (Cxcl5, Cxcl3, Cxcl2, Cxcl1, Ptgs2, Il1b, Cxcr4, Ccl2, Ccr1, Ccr2, Hif1a, Tlr2, Tlr4, S100a8 and S100a9) at endpoint and 10 genes (Cxcl5, Cxcl3, Cxcl2, Cxcl1, Ptgs2, Il1b, Cxcr4, Hif1a, S100a8 and S100a9) at 5 weeks. The qRT-PCR data confirmed that these inflammation genes were upregulated by ZD and restored to normal levels by ZR (Figure 2a) . Additionally, enzyme-linked immunosorbent assay and immunoblot ( Figure 2b ) analyses showed that the Zn-modulating effects observed at the transcript levels for Il1b, Cxcl5, NF-kB p65, Cox-2, S100a8, S100a9, Cxcl2 and Hif1a were also reflected at the protein level.
To investigate the temporal and spatial localization of key inflammation markers NF-kB p65, COX-2, S100A8 and S100A9 in ZD esophagus during cancer development, immunohistochemistry was performed (Figure 3a , endpoint; Supplementary Figure  S1 , 5 weeks). Both the ZD dysplastic esophagus (5 weeks) and the ESCC (endpoint) showed high proliferative activity with abundant proliferating cell nuclear antigen (PCNA, an endogenous cell proliferation marker)-positive nuclei and strong cytoplasmic staining of the squamous cell tumor marker KRT14 30 and strong cytoplasmic staining for all four inflammation markers. In contrast, both the ZR and ZS esophagus showed only basal cell proliferation, with weak and diffuse immunostaining of the same inflammation markers. These data demonstrated that the ZD esophagus acquires a highly proliferative and inflammatory phenotype during ESCC development that is reversed by ZR.
Chemotaxis is a key biological process among the upregulated genes We next performed gene ontology analyses using DAVID (Database for Annotation, Visualization and Integrated Discovery) resources 31 to define the biological significance of the genes differentially expressed in the ZD esophagus. At both tumor endpoint and at the earlier dysplastic stage (5 weeks), significantly overrepresented biological processes were found only among the upregulated genes (Table 2 ). In particular, the involved biological processes included 'chemotaxis' at the tumor endpoint with eight inflammation genes (Cxcl3, Ccr1, Cxcl2, Cxcl1, S100a8, Cxcl5, S100a9 and Il1b, P ¼ 8.34E-08) and also at the early dysplastic stage with four inflammation genes (Cxcl2, S100a8, Cxcl5, S100a9). This finding is consistent with the concept that chemotaxis in the tumor microenvironment is an essential component during progression to malignancy. 32 Thus, the DAVID data support the conclusion that these inflammatory chemokines (Cxcl5, Cxcl3, Cxcl2, Cxcl1), cytokine (Il1b) and S100a8/a9 are relevant to the ZD-driven development of ESCC.
IL1B is an anchor in an inflammation cancer network To understand the interactions of the differentially expressed genes in neoplastic ZD epithelia, we performed an ingenuity pathway analysis (IPA). We identified an inflammatory cancer network of 35 genes with Il1b as an anchor (Figure 2c ). In all, 57% of the genes (20 of 35) were upregulated, including Ptgs2 (Cox-2), Cxcl5, Cxcl2, Cxcl1, S100a8, and S100a9. Il1b has direct connectivity to Ptgs2 and indirect connectivity to S100a8, S100a9, Cxcl5, Cxcl2, Cxcl1 and Cxcl3). Because Il1b has a Figure 1 . Zn-deficiency induces distinct gene expression patterns in Zn-modulated rat esophagus in the dysplastic and neoplastic stages of ESCC development. (a) Study design: weanling rats were fed ZD and ZS diets for 6 weeks. Then, the rats were given three intragastric NMBA doses---the first at 6 weeks of diet; the second and third dose, 6 and 12 weeks later. A day after the first dose, half of ZD rats were switched to ZS diet to form the ZR group, which were treated with NMBA as ZD/ZS rats (n ¼ 35 --38 rats/dietary group). Comparative transcriptomic analysis of esophageal mucosa from ZD, ZR and ZS rats was performed at 5 and 15 weeks (tumor endpoint) post first NMBA dose (n ¼ 4 rats/ group). Tables S4 and S5 ): differentially expressed genes that are upregulated or downregulated only in ZD or in ZS esophagus or common to both (Po0.05 and fold difference X4.0).
central role in inflammation 33 and the progression of gastric inflammation and cancer in transgenic mice overexpressing human IL1B, 34 our data that Il1b showed connectivity to these upregulated inflammation mediators predict interactions among these genes in pathways that promote ESCC development.
NMBA tumorigenicity does not induce inflammation To determine whether the tumorigenic effect of NMBA in ZS animals that induced only squamous papillomas (Figure 1c) was accompanied by inflammation, we performed longitudinal (timecourse) gene expression comparisons in ZS and ZD rats. We first compared the expression profile of ZD esophagus at tumor endpoint vs our previously published profile of ZD esophagus at 6 weeks of diet without NMBA 22 (Supplementary dataset 3a) . This result was then compared with the profile obtained from the ZS esophagus at endpoint vs the published profile of ZS esophagus at 6 weeks of diet without NMBA 22 (Supplementary Dataset 3b). Using a cutoff point of q-value o5% and X4-fold difference, our Venn diagram (Figure 1e ) showed that ZD esophagus had 171 upregulated and 51 downregulated genes, ZS esophagus had 62 upregulated and 9 downregulated genes, ZD and ZS esophagus had 23 common upregulated but no common downregulated genes. Although 16 of the 171 upregulated genes (9.3%) in ZD esophagus were inflammation genes as listed in Table 1 , none of the 62 upregulated genes in ZS esophagus were inflammation genes (Supplementary Table 1 ). In addition, our DAVID bioinformatics 31 showed that significantly overrepresented processes were only found among the upregulated genes in ZD esophagus but not in ZS esophagus. In particular, the most significantly upregulated biological process in ZD esophagus was 'defense response' with 34 genes that included many inflammation genes (Cxcl1, Ptgs2, Ccr1, Cxcl2, Tlr2, Cxcl5, Il17f, Il1b, Ccr5, Ccr2, Pvalue ¼ 1.94E-22) (Table 3) . Thus, time-course analysis revealed that NMBA tumorigenicity that induced only papillomas in ZS rats did not cause inflammation, whereas ZD with NMBA led to overexpression of numerous inflammation genes, and thus to cancers.
Long-term ZD alone causes overexpression of numerous inflammation genes To determine whether long-term ZD (23 weeks) without NMBA could amplify the inflammation that was induced by short-term ZD (6 weeks), 22 we used qRT-PCR to analyze the expression of 15 selected inflammation genes (discovered by microarray, Table 1 ). At 23 weeks, serum Zn levels were significantly lower in ZD (42 mg/ 100 ml, 95% confidence interval ¼ 39 to 45 mg/100 ml) than ZS rats (88 mg/100 ml, 95% confidence interval ¼ 85 to 91 mg/100 ml) (Po0.0001). We found that long-term ZD resulted in an amplified inflammatory gene repertoire with upregulation of 12 inflammation genes (Cxcl5, Cxcl3, Cxcl2, Cxcr4, Il1b, Ptgs2, Ccr2 and Ccl2, S100a8, S100a9, Hif1a and Tlr4) (Figure 2d ), as compared with only four genes (S100a8, S100a9, Hif1a and Tlr4) in short-term ZD esophagus. 22 The expression level, however, was not as strong as in neoplastic ZD esophagus (Figure 2e ). Immunoblot ( Figure 2f ) and immunohistochemistry (Figure 3b ) analyses showed that long-term ZD induced overexpression of COX-2, NF-kB p65, S100A8, S100A9, NF-kB p65 and HIF1A protein in the highly proliferative esophageal epithelium that showed intense and abundant immunostaining of PCNA and KRT14 protein. Additionally, chronic inflammation was characterized by the frequent presence of inflammatory cells in the stroma (Figure 3b; H&E) . These data showed that prolonged ZD per se induced a highly inflammatory microenvironment that was conducive to ESCC development upon exposure to NMBA.
DISCUSSION
Chronic inflammation is central to the pathogenesis of many human cancers, including ESCC. The etiologic agents of chronic inflammation associated with cancers are infectious agents (virus and bacteria), chemical and physical agents such as silica particles, asbestos fibers, cigarette smoke, carcinogens, ultraviolet light, gastric acids and urinary catheters. 2, 3 Although microbial infection is implicated in the pathogenesis of B15% of human cancers, the causes of chronic inflammation in most cancers including ESCC Dietary zinc deficiency fuels esophageal cancer C Taccioli et al are poorly defined. Previously, we have shown that short-term ZD (6 weeks) that causes esophageal epithelial hyperplasia is accompanied by overexpression of two proinflammation mediators S100a8/S100a9. 22 The present data establish that prolonged ZD (21 weeks) amplifies this inflammation in the esophagus by causing overexpression of numerous inflammation genes in addition to S100a8/S100a9, thereby providing an inflammatory microenvironment conducive to cancer development. Indeed, in the presence of ZD-induced chronic inflammation, non-carcinogenic low doses of NMBA elicited a 66.7% (16/24) incidence of ESCC. Conversely, with Zn-sufficiency NMBA produced no cancers (0/21). Importantly, our bioinformatics data confirmed that this sustained inflammation was due to ZD rather than carcinogen exposure (Table 3, Supplementary Table 1) .
The transcriptomics analyses showed that at tumor endpoint the neoplastic ZD esophagus had an inflammatory gene signature that was already activated in the dysplastic stage of ESCC development, with upregulation of CXC and CC chemokines and receptors (for example Cxcl5, -2, -3, -1, Ccl-2, Cxcr4) as the most abundant category, as well as Il1b, Cox-2, S100a8/a9, and transcription factors Nfkb1 and Hifla (Table 1) . Importantly, these same inflammatory mediators CXCL5, CXCL2, CXCR4, IL1B, COX-2, S100A8 and S100A9 are all overexpressed in human ESCC. 35 --38 Initially defined as factors that recruit leukocytes to tumors, the complex network of chemokines and their receptors have emerged as key components of cancer-related inflammation that have critical roles in tumor biology by promoting tumor cell survival, proliferation, and metastasis. 23, 28, 39 In this regard, downregulation of CXCL5 by RNA interference was reported to inhibit tongue SCC development, indicating that CXCL5 has an important role in squamous cell carcinogenesis. 40 The transcription of many cancer-associated chemokine genes (CXCL1, -2, -3, -5, -8, -9, 10, 12 and CCL-2), 41 COX-2 42 and S100A8/ A9 43 are modulated by the NF-kB family of transcription factor. Expression of NF-kB, in turn, is induced by IL1B. 44 Because IL1B has a central role in inflammation 33 and NF-kB is a link between inflammation and cancer, 28 our IPA finding that predicts a cancer network among the upregulated inflammation genes with IL1B as a central anchor strongly suggests that these ZD-induced inflammation genes interact in cancer pathways that promote ESCC development (Figure 2c) .
Perhaps most significantly, the present study shows that replenishing Zn after carcinogenic exposure reverses the inflammatory gene signature and prevents ESCC development. Recently, we reported that Zn supplementation in nutritionally complete rodents also inhibits forestomach and tongue carcinogenesis through attenuation of inflammation. 45, 46 It is likely that the effects of Zn represent a continuum in its action in attenuating inflammation when Zn is deficient, as well as when it is sufficient. Thus, oral Zn replenishment or supplementation in individuals at high risk for ESCC may reduce the risk of developing this deadly disease in humans.
In conclusion, the present data detail a new model of ESCC development, the molecular basis by which dietary ZD promotes ESCC and by which ZS and ZR prevent cancer development. Our study suggests that deficiency of Zn in the diet is a likely etiologic agent of chronic inflammation in the esophagus that contributes to ESCC development in humans. Because ESCC is prevalent in many regions in the world, the definition of this molecular role of ZD-induced inflammation as a critical factor in ESCC development has clear clinical implications with regard to development and prevention of this deadly disease. Figure S1 ). (b) ZD and ZS esophagus after 23 weeks of diets in the absence of NMBA treatment (n ¼ 14 rats/group, 5 weeks; n ¼ 21 rats/group, endpoint; n ¼ 9 --23 rats for long-term ZD study). Scale bar, 25 mm. Table 2 . Overrepresented biological processes in ZD esophagus at tumor endpoint and at the early dysplastic stage Functional group P-value Genes (A) Tumor endpoint Chemotaxis 8.34E-08 Cxcl3, Ccr1, Cxcl2, Cxcl1, S100a8, Cxcl5, S100a9, Il1b (eight genes) Small chemokine, C-X-C 3.00E-05 Cxcl3, Cxcl2, Cxcl1, Cxcl5 (four genes) (B) Dysplastic stage of ESCC development (5 weeks post first NMBA dose) Inflammatory response 0.00001 Rt1-ce5, Il17f, Cxcl2, S100a8, Cxcl5, Acvr1, S100a9, Ptgs2 (eight genes) Chemotaxis 0.001 Cxcl2, S100a8, Cxcl5, S100a9 (four genes)
Abbreviations: ESCC, esophageal squamous cell carcinoma; NMBA, N-nitrosomethylbenzylamine; ZD, zinc-deficiency. DAVID bioinformatics were performed using cutoff of P-value o0.01.
Male weanling male Sprague-Dawley rats (50 ± 5 g) were obtained from Taconic Laboratory (Germantown, NY, USA). Custom-formulated eggwhite-based diets were obtained from Harlan Teklad (Madison, WI, USA). ZD and ZS diets were identical except for the Zn content, which was 3 p.p.m. and 65 p.p.m., respectively. 20 NMBA was purchased from Midwest Research Institute (Kansas City, MO, USA).
Experimental design
Animal studies were carried out according to approved institutional approved protocols. The study design is shown in Figure 1a . Weanling rats were fed a ZD or ZS diet for 6 weeks to establish esophageal proliferation in ZD rats. 20 ZD rats were fed ad libitum and ZS rats were pair-fed to ZD animals to match the decreased food consumption of ZD rats. Then, all rats were administered the first intragastric dose of NMBA (2 mg/kg body weight). A day later, half of the ZD rats were switched to a ZS diet and became ZR; the remaining ZD and ZS rats continued on their diets, thus forming the ZD, ZS and ZR groups. Five weeks after the first NMBA dose, 14 rats per group were killed for tumor evaluation and gene expression profiling studies. The second and third NMBA dose was administered at 6 and 12 weeks after the first NMBA dose. At 21 weeks (15 weeks after the first NMBA dose, and 21 weeks after ZD diet), the animals (24 ZD, 21 ZS and 23 ZR rats) were killed for tumor evaluation and related gene expression profiling studies.
Long-term Zn deficiency study
Weanling male rats were fed a ZD or pair-fed a ZS diet for 23 weeks (10 ZS and 19 ZD rats). At study conclusion, esophagus was isolated as described above.
Esophageal epithelia preparation
Esophagi were cut into two portions. One portion was fixed in 10% buffered formalin for histological and immunohistochemical studies. Esophageal epithelium was prepared from the remaining portion by using a blade to remove the submucosal and muscularis layers, snap-frozen in liquid nitrogen, and stored at --80 1C.
20

RNA preparation
Total RNA was prepared from individual esophagus by using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). The integrity of RNA samples will be determined by the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) to ensure the samples display intact ribosomal RNA 18S and 28S bands.
Gene expression profiling
Expression profiling of esophageal epithelia from NMBA-treated ZD, ZR and control ZS rats (n ¼ 4/group) was performed at 5 weeks after the first NMBA dose and at tumor endpoint, using Affymetrix Rat Genome 230 2.0. GeneChip (Affymetrix) that contains more than 31 000 probe sets that represent 430 000 transcripts and variants from B28 000 genes. Total RNA of 5 mg was reverse transcribed into cDNA followed by in vitro transcription and labeling to produce biotin-labeled cRNA (IVT Labeling Kit). The labeled cRNA was hybridized to the array according to the manufacturer's protocol, performed by the Ohio State University Comprehensive Cancer Center Microarray Facility. The distribution of fluorescent material on the oligonucleotide probes sets is obtained using GeneArray Scanner.
Expression data analysis
The normalization of microarray data was performed by using Affy, 47 a Bioconductor package for the R statistical programming language (http:// www.r-project.org). Significance Analysis of Microarrays software (SAM, version 3.0) (http://www-stat.stanford.edu/~tibs/SAM/) was used to identify differentially expressed mRNAs. On the basis of the False Discovery Rate, the cutoff for significance is set so that the estimated q-value is between 0 and 5%.
Gene ontology and pathway analyses DAVID bioinformatics 31 was used to identify relevant biological processes/ functions from expression data captured by transcriptome analysis. The DAVID Gene Functional Classification Tool generates a gene-to-gene similarity matrix-based shared functional annotation using over 75 000 terms from 14 functional annotation sources.
IPA software (http://www.ingenuity.com) was used to analyze probable network/pathway. For each data set, the selected genes were uploaded into the IPA application. Networks were then algorithmically generated based on gene --gene connectivity. Each gene identifier was mapped to its corresponding object in Ingenuity's knowledge base. These molecules, called Network Eligible molecules, were overlaid onto a global molecular network developed from information contained in Ingenuity's Knowledge Base. Networks of Network Eligible Molecules were then algorithmically generated based on their connectivity.
Quantitative real-time RT--PCR qRT--PCR was performed using pre-designed probes (Applied Biosystems, Foster City, CA, USA), PSMB6 as the normalizer, and the comparative C t method. The analysis used the ABI 7300 real-time PCR System (Applied Biosystems). 
Enzyme-linked immunosorbent assay
Esophageal mucosal whole-cell extracts were prepared using a nuclear extract kit (40010, Active Motif, Carlsbad, CA, USA). The expression of IL1B, CXCL5 and NF-kB p65 was quantified by enzyme-linked immunosorbent assay system (IL1B, DY501, R&D; CXCL5, ELR-LIX-001C, RayBiotech, Norcross, GA, USA and NF-kB p65, 40096, Active Motif) according to the manufacturer's instructions.
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissues were deparaffinized, and rehydrated in graded alcohols. Immunohistochemistry was carried out as previously described, 20, 22 using primary antibodies for proliferating cell nuclear antigen (clone PC-10, Ab-1, Neomarker (Thermo Scientific)), KRT14 (NCL-LL002, Novocastra, Buffalo Grove, IL, USA), COX-2 (160106, Cayman Chemical), S100A8 (T-1032, BMA, Augst, Switzerland), S100A9 (AF2065, R&D) and NF-kB p65 (Ab-7970, Abcam). Protein was localized by incubation with 3-amino-9-ethylcarbazole substrate-chromogen (Dako, Carpinteria, CA, USA) or 3,3 0 -diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St Louis, MO, USA).
Serum Zn measurement
Blood was collected from the retro-orbital venous plexus of rats after anesthesia with isoflurane (GE Healthcare, Piscataway, NJ, USA). Serum Zn analysis was by atomic absorption spectrometry, using AAnalyst 400 (Perkin Elmer, Waltham, MA, USA).
Statistical analysis
Data on tumor multiplicity and serum Zn were analyzed by analysis of variance. Differences among the groups were assessed using post hoc ttests with the Tukey-HSD multiple comparisons. Confidence intervals were calculated using standard t-statistics and an alpha-level of 0.05. Differences in tumor/ESCC incidence were assessed by Fisher's exact test. Statistical tests were two-sided and were considered significant at Po0.05. Statistical analysis was performed using R (http://www.R-project.org).
